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The central problem in forming a star is the angular momentum in the circumstellar disk
which prevents material from falling into the central stellar core. An attractive solution
to the “angular momentum problem” appears to be the ubiquitous (low-velocity and poorly-
collimated) molecular outflows and (high-velocity and highly-collimated) protostellar jets ac-
companying the earliest phase of star formation that remove angular momentum at a range
of disk radii1. Previous observations suggested that outflowing material carries away the
excess angular momentum via magneto-centrifugally driven winds from the surfaces of cir-
cumstellar disks down to ∼ 10 AU scales2–6, allowing the material in the outer disk to trans-
port to the inner disk. Here we show that highly collimated protostellar jets remove the
residual angular momenta at the ∼ 0.05 AU scale, enabling the material in the innermost
region of the disk to accrete toward the central protostar. This is supported by the rotation
of the jet measured down to ∼ 10 AU from the protostar in the HH 212 protostellar sys-
1
tem. The measurement implies a jet launching radius of ∼ 0.05+0.05−0.02 AU on the disk, based
on the magneto-centrifugal theory of jet production, which connects the properties of the
jet measured at large distances to those at its base through energy and angular momentum
conservation7.
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Molecular outflows and protostellar jets together may solve the angular momentum problem
in disk accretion. Molecular outflows have been found to trace low-velocity (∼< 20 km s
−1) ex-
tended winds coming out of the disks down to∼ 10 AU scales2–6. They are found to be rotating and
thus can remove angular momentum from the disks in the outer part, allowing the disk material in
the wind-launching region to accrete. Protostellar jets are much more collimated and denser with a
much higher velocity (∼> 100 km s
−1) than the molecular outflows. They are ejected out along the
rotational axis from the innermost part of the disks at less than 1 AU scale, and thus are expected to
carry away angular momentum from there, allowing the disk material to fall onto the central proto-
stars from the disk truncation radii1. Tentative measurements of jet rotation have been reported for
jets in different evolutionary phases from Class 0 to T-Tauri8–17 phase. However, these measure-
ments are quite uncertain because the structures and kinematics across the jet are not well resolved.
For example, the rotation of the T Tauri jet in DG Tau measured at ∼ 14 AU spatial resolution and
∼ 26 km s−1 velocity resolution14 was later called into question16 through near-IR integral field
observations. Here we report a new measurement of jet rotation in the textbook-case protostellar
jet HH 212. Our observations with Atacama Large Millimeter/submillimeter Array (ALMA) have
a unique combination of high spatial (∼ 8 AU or 0′′. 02) and high velocity (∼ 1 km s−1) resolution,
allowing us to measure the smallest specific angular momentum in any jet to date down to 10 AU
km s−1 scale, as compared to∼ 30 AU km s−1 scale in previous measurements9. We show that jets
can indeed remove angular momentum from the innermost disk, enabling material there to accrete
toward the central protostar.
HH 212 is a nearby protostellar system deeply embedded in a compact molecular cloud core
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in the L1630 cloud of Orion at a distance of ∼ 400 pc. The central source is the Class 0 protostar
IRAS 05413-0104, with an estimated age of ∼ 40,000 yrs18. It has an accretion disk19 and drives
a powerful bipolar jet20. The jet, lying close (∼ 4◦) to the plane of the sky21, is one of the best
candidates to search for jet rotation. The systemic velocity is ∼ 1.7±1.0 km s−1 LSR in this
system18.
Figure 1a shows our ALMA map of the inner part of the jet within ∼ 1200 AU (3′′) of the
central source in SiO J=8-7 at ∼ 24 AU (0′′. 06) resolution, together with the dust continuum map
(orange image) of the accretion disk at 352 GHz19. SiO J=8-7 is a dense gas tracer with a critical
density of ∼ 108 cm−3 and thus traces the jet well. This part of the jet is connected to knots and
bow structures NK, SK 1-5 seen on larger scales further out22. In this map, knots SN and SS were
detected before but not resolved, and their tips were used to obtain an upper limit of jet rotation9.
They are now resolved. Knot SN appears as a chain of smaller knots and bow structures along the
jet axis, as seen at high-blueshifted velocity in Figure 1b. Here bow structures refer to the ones
with bow wings curving backward. These knots and bow structures can be produced by a chain
of internal shocks formed by a semi-periodical variation in jet velocity23. Knot SS appears as an
elongated bow structure, as seen at low velocity in Figure 1c, possibly also with a chain of smaller
bow structures along the jet axis (see also Figure 1d). Thus, the tips of the SN and SS knots
appear to be substantially affected by shock interaction, which makes their previous jet rotation
measurements unreliable.
Zooming closer in to the central region, a new chain of knots (N1 to N4 and S1 to S3) are
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detected within∼ 120 AU of the central source down to∼ 10 AU, tracing the primary jet emanating
from it (see Figure 2a at ∼ 8 AU (0′′. 02) resolution). Unfortunately, the disk is flared and optically
thick19, preventing us from detecting the jet further in. The jet is highly collimated with a position
angle measured to be∼ 23◦, exactly perpendicular to the disk major axis. The knots are extremely
narrow, with the width (Gaussian deconvolved width, see Methods) decreasing toward the central
source, from ∼ 9-16 AU for knots N3 and S3 to ∼< 5-6 AU for knots N1 and S1 (see Figure 3).
Similar decrease in jet width has also been seen in more evolved objects in RW Aur and DG Tau24.
These widths are roughly consistent with the width of the H2O maser measured at ∼ 50 AU about
20 yrs ago21. For the knots further out, SS and SN, the width has been previously estimated to be
∼ 80 AU at 400-800 AU in SiO J=5-425.
Except for knot N4 that shows a bow wing on the east side of the jet axis, the new knots do
not show any hint of bow structures, allowing us to measure radial velocity gradients with more
confidence. These knots are closest to the central source, and thus expected to be least affected
by shocks23. Figure 4 shows the position-velocity (PV) diagrams of the SiO emission cut across
the knots (see Figure 2 for the cuts). Knots N1, S1, and S2 are not resolved, and thus no velocity
gradient can be detected. Note that for knots S1 and N3, SiO emissions (marked with a “?”) at
(∼ 5 km s−1 LSR, ∼ 4-12 AU) and (∼ −3 km s−1 LSR, ∼ −4 to −12 AU), respectively, are
offset from the rest of the SiO emission and are thus likely not from the jet itself. Knots N2, N3,
and S3 are marginally resolved. A velocity gradient can be seen across them at more than 7σ
detection (as marked by the red contours) around the mean jet velocity (vertical dashed line). With
respect to the mean jet velocity, the blueshifted emission is seen mostly on the west side of the
5
knot and the redshifted emission mostly on the east. To measure the gradient, we identified the
emission peaks (as marked by the green squares) with Gaussian fits and then fitted them with a
linear velocity gradient using the least squares method. As marked by the solid lines, the gradients
are 0.363±0.040 AU/(km s−1) for knot N2 over the velocity range from −7.5 to 2.6 km s−1,
0.533±0.326 AU/(km s−1) for knot N3 over the velocity range from −7.5 to 1.0 km s−1, and
0.635±0.070 AU/(km s−1) for knot S3 over the velocity range from 0.12 to 8.6 km s−1. Since the
sense of the gradient is the same in the resolved knots, the gradients are unlikely due to random
velocity fluctuations in the jet. The gradients are also unlikely due to jet precession, which was
found to be small with an opening angle of ∼ 1◦ and a period of ∼ 100 yrs22. The consistency
of the sense of the gradients supports the interpretation that they are dominated by the intrinsic jet
rotation. Moreover, this sense of velocity gradient is the same as that for the rotation of the disk18, 26,
further supporting such an interpretation. Note that the rotation sense of the disk is confirmed in
our new ALMA observations of the disk in deuterated methanol at ∼ 16 AU resolution down to
the center27. The velocity gradient can be seen more pictorially in Figure 2b, where the redshifted
and blueshifted emissions are plotted separately for each knot. For those resolved knots, N2, N3,
and S3, the redshifted emission is seen mostly on the east and the blueshifted emission mostly on
the west of the jet axis. The same split of emission can also be seen in the unresolved knot, N1.
This spatial distribution of the redshifted and blueshifted emission indicates that both the northern
and southern jets are rotating clockwise when viewed along the jet axis from north to south, in
the same direction as the disk rotation (marked by curved arrows in Figure 2b). Assuming that
the jet rotation is symmetric about the knot center, then the resulting specific angular momentum
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is l = m(△V )2/4, where m is the gradient derived above and △V is the velocity range used to
derive the gradient. Thus, the specific angular momentum is estimated to be ∼ 9.4±1.0, 9.6±6.0,
and 11.4±1.3 AU km s−1 for knots N2, N3, and S3, respectively. Excluding the value of knot N3,
which is quite uncertain, the mean specific angular momentum is lj ∼ 10.2± 1.0 AU km s
−1.
Protostellar jets are generally thought to be launched magneto-centrifugally from disks1. In
particular, two competing models, the X-wind model28 and disk-wind model29, have been con-
structed for jet launching from the accretion disks through the magneto-centrifugal mechanism. In
this framework, the launching radius of the jet can be derived from the specific angular momentum
and the velocity of the jet, based on conservation of energy and angular momentum, if the mass of
the central protostar is known7 (see also Methods). With a protostellar mass of M∗ ∼ 0.25±0.05
M⊙
18, 26, a jet velocity22 of vj ∼ 115±50 km s
−1, and a mean jet specific angular momentum of
lj ∼ 10.2±1.0 AU km s
−1, the launching radius of the jet is estimated to be r0 ∼ 0.05
+0.05
−0.02 AU,
using Eq. 2 in Methods.
Since HH 212 has a bolometric luminosity ∼ 9 L⊙, the dust sublimation radius should be
larger than 0.1 AU30, which is outside our inferred jet launching radius. An implication is that Si
is already released from the grains into the gas phase at the base of the jet. However, since the
jet is well collimated with a high mass-loss rate22 of ∼ 10−6 M⊙ yr
−1, SiO is expected to form
rather quickly because of the high density in the jet31. In addition, the Si+ recombination and SiO
formation are expected to be faster than the photodissociation caused by possible far-ultraviolet
radiation of the central protostar32.
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Since the SiO jet extracts the angular momentum from the innermost region of the disk, the
angular momentum problem is only partially resolved because material still has to be transported
within the disk to its innermost region1. This transfer within the disk may be achieved with other
mechanisms, e.g., magneto-rotational instability33 and low-velocity extended tenuous disk wind29.
Recent ALMA CH3OH observations at ∼ 240 AU resolution have suggested a disk wind compo-
nent in HH 212 ejected from the disk at a radius of ∼ 1 AU34, surrounding the SiO jet. However,
our new observations at ∼ 16 AU resolution show that CH3OH actually traces the disk surface
within ∼ 40 AU of the center27. Disk wind has also been suggested in other objects, e.g., CB 263,
DG Tau24, Orion BN/KL Source I2, 4, 5, and TMC1A6. For example, in Orion BN/KL Source I,
a low-velocity and poorly-collimated bipolar outflow was found in SiO maser to come from the
disk surface at larger disk radii of ∼> 20 AU from the central source
2, 4, 5. Similarly in TMC1A, a
low-velocity and poorly-collimated CO outflow was found to come from the disk surface at larger
disk radii of up to 25 AU from the central source6. All these suggest the presence of a disk wind
component extracting the angular momentum from the disk at larger radii. In contrast, the SiO jet
in HH 212 appears to come from the innermost region of the disk, well inside 1 AU of the central
star. It is consistent with the X-wind picture28, but could also be the innermost part of a more
extended disk-wind29.
Our observations have a unique combination of high spatial and velocity resolution, allowing
us to measure radial velocity gradients and hence estimate the smallest specific angular momentum
in any jet to date. The measured small specific angular momentum implies a fast jet launched
from the innermost region of the disk for the first time in the earliest phase of star formation.
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Our measurement sets the tightest constraint yet on the location of protostellar jet launching. It
also opens up an exciting opportunity to study jet rotation and launching location in other young
systems.
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Methods
Observations Observations of the HH 212 protostellar system were carried out with ALMA in
Band 7 at ∼ 350 GHz in Cycles 1 and 3, with 32-45 antennas (see Supplementary Table 1). The
Cycle 1 project was carried out with 2 executions, both on 2015 August 29 during the Early Science
Cycle 1 phase. The projected baselines are 15-1466 m. The maximum recoverable size scale is ∼
2′′. 5. A 5-pointing mosaic was used to map the jet within ∼ 15′′ of the central source at an angular
resolution of ∼ 0′′. 16 (64 AU). The Cycle 3 project was carried out with 2 executions in 2015,
one on November 5 and the other on December 3, during the Early Science Cycle 3 phase. The
projected baselines are 17-16196 m. The maximum recoverable size scale is ∼ 0′′. 4. One pointing
was used to map the innermost part of the jet at an angular resolution of 0′′. 02 (8 AU). For the
Cycle 1 project, the correlator was set up to have 4 spectral windows, with one for CO J = 3 − 2
at 345.795991 GHz, one for SiO J = 8 − 7 at 347.330631 GHz, one for HCO+ J = 4 − 3 at
356.734288 GHz, and one for the continuum at 358 GHz (see Supplementary Table 2). For the
Cycle 3 project, the correlator was more flexible and thus was set up to include 2 more spectral
windows, with one for SO NJ = 89 − 78 at 346.528481 GHz and one for H
13CO+ J = 4 − 3
at 346.998338 GHz (see Supplementary Table 3). The total time on the HH 212 system is ∼ 148
minutes.
In this paper, we only present the observational results in SiO, which traces the jet emanat-
ing from the central source. The velocity resolution is 0.212 km s−1 per channel. However, we
binned 4 channels to have a velocity resolution of 0.848 km s−1 in order to map the jet with suf-
ficient sensitivities. The data were calibrated with the CASA package (versions 4.3.1 and 4.5) for
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the passband, flux, and gain (see Supplementary Table 4). We used a robust factor of 2 (natural
weighting) for the visibility weighting to generate the SiO maps. In order to avoid the proper mo-
tion effect (∼ 2 AU or 0′′. 005 per month using 115 km s−1 for the jet velocity22), only Cycle 3 data
are used to study the jet rotation in the innermost part of the jet. This generates a synthesized beam
with a size of 0′′. 02 (8 AU) for the maps of the innermost part of the jet (see Figure 2). In order to
map the knots further out, which are more extended, we also include the Cycle 1 data, which has a
larger maximum recoverable scale. In addition, a taper of 0′′. 05 was used to degrade the beam size
to 0′′. 06 (24 AU, see Figure 1) in order to improve the S/N ratio. The noise levels can be measured
from line-free channels and are found to be ∼ 1.6 mJy beam−1 (or ∼ 40 K) for a beam of ∼ 0′′. 02
(8 AU) and 1.9 mJy beam−1 (or∼ 6 K) for a beam of∼ 0′′. 06 (24 AU), respectively. The velocities
in the channel maps and the resulting position-velocity diagrams are LSR.
Gaussian deconvolved width of the jet knots: Supplementary Figure 1 shows the spatial profile
of the jet knots perpendicular to the jet axis, extracted from the SiO total intensity map shown in
Figure 2a (see the white lines for the cuts). In order to derive the width of the knots, we fitted
the spatial profiles of the knots with a gaussian profile. For knot S1, the emission at ∼ 4-12 AU
is unlikely from the jet itself, as discussed in the main text, and is thus excluded from the fitting.
The deconvolved width is the width deconvolved with the beam size of ∼ 8 AU (0′′. 02). Knots N2,
N3, and S3 have a deconvolved width greater than the beam size. Knots N1, S1, and S2 have a
deconvolved width smaller than the beam size.
Mean (or Systemic) Velocities of the Jet: Supplementary Figure 2 shows the position-velocity
diagram of the SiO jet cut along the jet axis. The northern jet component is detected from ∼ −14
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to 8 km s−1 LSR, with a mean velocity of ∼−3 km s−1 LSR (as indicated by the vertical dashed
line). The southern jet component is detected from ∼ −5 to 13 km s−1 LSR, with a mean velocity
of ∼ 4 km s−1 LSR (as indicated by the vertical dashed line). These mean velocities are taken to
be the systemic velocities in the northern and southern jet components.
Estimation of Jet Launching Radius Protostellar jets are generally thought to be launched magneto-
centrifugally from disks1. In this framework, the launching radius of the jet can be derived from
the specific angular momentum and the velocity of the jet, based on conservation of energy and
angular momentum along the field line, if the mass of the central protostar is known7. For HH
212, since (1) the jet velocity (poloidal velocity) is so high that the gravitational potential can be
neglected at large distances, (2) the jet velocity is much higher than the jet rotation, and (3) the jet
inclination angle is very small (∼ 4◦)21, the governing equation (Eq. 4 in Anderson et al. 2003)7
that is used to derive the jet launching radius can be simplified and rewritten as
2lj
v2j
(GM∗
r0
)1/2
−
3GM∗
v2j
− r0 ≈ 0 (1)
in order find approximate solutions analytically, where r0 is the launching radius at the footpoint,
vj is the jet velocity, lj is the specific angular momentum of the jet measured at a large distance,
andM∗ is the mass of the central protostar. Solving this equation, we find the jet launching radius
to be
r0 ≈
(2lj
v2j
)2/3
(GM∗)
1/3
[
1−
2
3
η +
1
9
η2
]
(2)
with
η =
3
22/3
(
GM∗
vjlj
)2/3 (3)
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Note that the second and third terms are the correction terms to the previous solution (Eq. 5 in
Anderson et al. 2003)7. They can improve the accuracy of the launching radius estimate in the
case where the dimensionless parameter η is not much smaller than unity, particularly when the
specific angular momentum l is relatively small, as is true for HH212.
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Figure 1. ALMA SiO J=8-7 maps (green images) of the jet at a spatial resolution of ∼ 24 AU
(0′′. 06), on top of the dust continuum map (orange image) of the accretion disk at 352 GHz19. The
velocity ranges used for the SiO emission are indicated in the brackets in the upper right corner.
The systemic velocity is assumed to be 1.7±0.1 km s−1 LSR, as found before18. Velocities within 5
km s−1 of the systemic velocity are referred to as low and those outside the range as high. Asterisks
mark the source position at α(2000) = 05
h43m51s.4086, δ(2000) = −01
◦02′53′′. 14719.
19
Figure 2. A zoom-in to the innermost part of the jet in SiO within ∼ 120 AU (0′′. 3) of the
central source, at an angular resolution of ∼ 8 AU (0′′. 02), on top of the continuum map of the
disk. The maps show the intensity (in unit of K km s−1) integrated over certain velocity range as
given in the later part of the caption. White lines mark the cuts used to extract the spatial profiles
and the position-velocity diagrams of the knots, with dots being the centers. (a) A chain of new
knots (N1..N4, S1..S3) are detected, tracing the primary jet emanating from the disk. The SiO
20
is integrated from ∼ −14 to 14.5 km s−1 LSR. Contour levels start from 3σ with a step of 1.5σ,
where σ = 330 K km s−1. (b) Blueshifted and redshifted SiO emission of the jet plotted with the
continuum emission. In the north, the velocity ranges of the blueshifted and redshifted emission
are ∼ −10 to −5 km s−1 LSR and −1 to 4 km s−1 LSR, respectively. In the south, the velocity
ranges of the blueshifted and redshifted emission are ∼ −3 to 2 km s−1 LSR and 6 to 11 km s−1
LSR, respectively. The direction of disk rotation is depicted by curved arrows.
Figure 3. The jet (gaussian deconvolved) width measured for the new knots within ∼ 100 AU
of the source. The “star” marks the H2O maser width measured by VLBI about 20 yrs ago
21. The
error bars show the uncertainties in the width. The down arrows indicate that the measured widths
are the upper limits.
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Figure 4. Position-velocity (PV) diagrams cut across the knots (N1..N3 and S1..S3) in the jet.
The horizontal dashed lines indicate the peak (central) position of the knots. The vertical dashed
lines indicate roughly the systemic (mean) velocities for the northern and southern jet components
(as in Figure 2, see Methods). The contour levels start from 4σ with a step of 1σ, where σ = 21.3
K. The red contours mark the 7σ detections in knots N2, N3, and S3. For knots N3 and S1, the
emissions marked with “?” are likely not from the jet itself. The green squares mark the emission
peak positions with more than 7σ detections, as determined from the Gaussian fits. The error bars
show the uncertainties in the peak positions, which are assumed to be given by a quarter of the
FWHM. The solid lines mark the linear velocity structures across the knots. The bars indicate the
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angular (8 AU or ∼ 0′′. 02) and velocity (∼ 1.7 km s−1) resolutions used for the PV cuts.
23
